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REVlOUS I'UBLLCATIONS (l*f, 10') reported 
examinations of s~i1~~tr:iLc!-iiicliiccd cnzynic for- P mation in g~iic~ic:illy controlled ycnst strains 

i a n  attempt to ciiiploy this plicnonicnon as a tool €OF 

k analysis of tlie gtwc-cnzyiiic rclatioiisliip problcni. 
&me of the pmtiiicwt f:icls ~-1iicIi cincrgcd Piwii i  tlicw 
leudies inay bc s:iiiiin:iriztd I)i.icfly :is follows : (1) 
Potentiality for enzyi~ie 1oriii:ition can sr.grrgate in  a 
Ifendelian fashion ; ('2) substrates, rallicr llinn genes, 
mitieally eontrol cnzy~iie activity Icvcls; and (3) an 
ruipue (mclibinsc) c:in bc ninintainccl in tlic prcseiicc 
of substrntc f o r  an intlcliiiitc niiinber of cell gcncr:i- 
tions in the shsciicc of tlic gcnc nccessnry to tlic initia- 
&an of its syntlicsis. 

These firrc1in:;a suggcstcd Ihc csistciicc of it cyto- 
plasmic sclf-itnI)Iic:itiiig entity :is being involvccl iu 
m.yiie syntlwsis. KIictlici* tlic entity \vas tlrc cnzyiii(* 
hclf or somcttiiiig ilicrliatiiig its formation could no1 
L dccidcd on tlic basis of the obscrnitioiis. 1 1 0 ~ -  
mr, because of its simplicity the former \\-:is adoptctl 
~i a tentative working hypotll'csis. 111 any c:isc, it 
a evident tliat, in  so for as enzytiintic constitution 
us eoncernerl, thc eytoplnsiii possrsed a dcgrcc of 
rtonomy from tiic gciionic not c:isily rcconcilablc 
dh the more classical v i e w  of gcnc-cnzyinc rcla- 
*hips m \vhic!i tlic gcne is considercd as the only 
&-duplicating unit i n  the cell. 

Subsequent expcri~ncnts ~vere  designed to obtain 
l p ~ e  information on the meclianisui of eiizylnc forinn- 
h with particular rcfcrcnce to cncrgy rcquircmcnt~. 

proposed to report here ccrtaiii of the results 
*ea as being particularly suggestivc for  the genc- 
w e  problem and to discuss tbeir implications. 

ahas been found (15)  that ciizynic syntlicsis undcr 
m b i e  conditicm COUICI be prcvcntctI either with 
4 or dinitroplicnol without disturbing the rate of 
d b h t t e  mctabplisni.  lie ability of I I ~ C S C  suIi- 
*s to prevent utilizafion of metabolic clicrgy for 
Wetie activity is appnrcntIy quite gcncr;iI, 1i:iving 
hs demnstrutrd fo r  wcIi diwrsc proccsscs :IS cell 
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division (8) carbohydi-ate and ammonia assimilation 
(IS), and cell rcgcncr:ition (9). 

On tlic assuriiption that pliospliate-bond energy, as 
gci1cr:itctl by tlic glycolytic systmi, forins tlic priniary 
sourcc of cncrgy for cdl  f i t id ion  ~ n d  growth under 
:~~i : icu~bic  coitdilioiis, cspcriiiicnts ivcrc nndcrtakcn to 
cxaiiiine the cl'Ccct of tlicsc agents on phospliorua 
niet:ibolisin, using radioactive phosphorus ( as 
a tracer. 

Thc inost consistent correlation between phosphorus 
nict:ibolisni and protein or cnzynic forniation was 
fouiid in tlic! flow of phosplinte from thc nucleopro- 
tein I'rnction (,UP). This latter is the residuc phos- 
pllntc rc~n~:iiiiing after succcssivc cstractions with 
\v:iIcr, cold tricliloroucctic acid, alcohol, and liot alco- 
Ilol-c~lllcr (3: 1). 

Tlic Iwliavior 01 '  tlic p l ~ o ~ p l ~ ~ i l c  in this fraction mas 
I 'ullo\v~l uiidcr vnrioiis conditions, cuiploging P32 in 
tlie following 111;11111cr : Cells wcrc grown in  thc usual 
iucdia a t  30' C. in tlic prescncc of Pnz (activity, 
5 x 10' cts./niin./nig. P). This rcsultcd i n  complcte 
cquilibrntion of tlic I:ibclc~tl phosphorus in  all frac- 
tiuiis. After 45 hours tliesc cells wcrc hnrvcstcd, 
u ~ s l i c d  tbrcc tinics in uii1:tbelcd 31/15 l<I12P0,J re- 
sii~peiidcd in unlnbclcd 31/15 KIT2I'O4 with 4 per  
ccnt glucosc, ant1 allowecl to fcriucnt the carboliydratc 
under coniplctcly anacrobic conditions. No budding 
or illcrease in protcin nitrogen is obscrvcd in such 
auspcnsions. Saniplcs wcrc ~vitlidrawn a t  intervals 
1.01. activity i i~caz~re incn t~ .  I t  was found tliat within 
4 liours about half of thc total activity \vas lost. 
After fractionation it \vas found that (except fo r  1 
or 2 per ccnt) this lob> in activity could be com- 
1JlCtcl.l' arcountcd €or i n  tlie :icid-s~~li~blc fraction wliicli 
i'orItis :il>out 50 per cciit 01 tlic total P wiltcnt of thc 
C I ~ .  Tlic tof:il :ictivity contwt) as \vel1 :IS tot:ll 
1"' of tlic nuclcopratriii fraction had actually increased 
clightly (S pcr cciit) duriiig this pcriod, indicati~ig 

~ I I N  of p1iospli:itv iiilo t l i i ,  I'i*:ic.tion. Tllcw tl:tta cle:vly 
sIrti\vcd tli:tt i,:ipitlly i i i ( 1 t  ;~Iic~lizing lmt iiontlivitliiig cell.; 
di t1  not lo st^ plic~sp1i:itc froin tlic NP Pr:ic*tioii PVCII 

-----. though thc iii:ijor portion of tlic rcmiiiiing pliospllate 



was being rapidly t*quiltbr:itcd. Since activity of the 
p1iospli:itc in tlic ncitl-solublc friiction of such ccllh 
was i~bout one-fourth thnt of tlic SP pliosph:itc, t1it.y 
wcrc fnwrablc matwin1 for  thc fiirthtr study of cx- 
clinngcs bctivecn thr two fractions. Allowing such 
cells to fcrnitwt carbohydrntc for loiigclr periods of 
tiinc (up to G hours) ng:iin left tlic total activity of 
thc N1’ fraction uncli;ingcil, altlioiigli the specific 
activity was decrcnscd due to dilution hy the flow of 
IOW‘ specific activity phosphate froiu tIic acid-soluble 
fraction. 

Thc entire behavior of the NP fr:icticui was cliangcd, 
howcrcr, ivlicn such cells \wrc induccd to syrithcsizc 
new protein either by adding ammonia or by forcing 
the synthc& of a new enzyme. The results obtaincd 
in n typical cspcriniciit arc exemplified by the data 
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Hours 
Fie. I .  I:c*linvinr nf S I ’  iilinsphatc wlir-ri  new protein is 

briiil: ~ . v n t I i i ~ s i w c l  (1%) iiiiil wlirii protl-iii foriri:ition la rc- 
veiitrti tiv ii1)seiii-e o f  i i i t r s g v i i  siippir ( A ) .  prc-sciicc 01 aodfuiii 
nzicle (c’), or . ~ ~ i i i i l ~ ~ i l r l i i ~ i i i i i  ( 1 1 ) .  

in Fig. 1. I n  this cspcrimcnt cells m r c  suspentled in 
physiological saline2 containing : (a)  glucosC, (b) glu- 
c o s c i  (NH,),SO,, (c) glucosc t (NII,,),SO, t NnN,, 
(d) glucosc + (NH,),SO, + dinitropl~cnol. The amount 
of (NH,),SO, was equivalent in nitrogen to 50 pcr 
cent of the nitrogen coiitcnt of the yeast. Tlic conccn- 
trations of KnN, arid dinitrophenol wcrc 5 x iind 
5 x 10-4 11, rcjpcctircly-sufficient to completely in- 

It will be notcd that with glucose alone thcrc mas  
no changc ill activity, \rhercas \vhcr1 niniiioni:i was 
present, v-i~th consequent bndding, tlic nucleoprotein P 
droppcd to 3s per cciit of its originnl total activity, 

The usr of Csn:‘moii* iiinrmiiie 1iliosiili:ile i1rcir:iscs qumi- 
tit:it lwlr the ihb\~  Iif ph~lsl~b:i ir  frwn t111. SI’ I r m  Ion 41s 
olwcrrrd IIV act i v i i  v ini.:isuI’l’riit’iits. since t i w w  is :I trn~lrricv 
for thr orljs to iitiiizr t l i r  riiore rccriitiy wtrril icd 11110spii:iie 
for.synt tieiic pur~loses. 

bibit cnzyinc form a t’ 1011. 

iiitlic:it iiig a flow of pliosphatc froin this fr:ictioti. 11 
is eyidc-nt tliiit tlic iizidc i d ,  to only a slightly 1e~~c.r 
(’stetit, tlic dinitropliciiol xcrc al)le to ptvvotit tIii. 

iililizatioti. Except for the fact that tlrc tr;insfthr of 
lcss pllosphatc was involved, tlic s:mc pIi(~i101ii(~11011 
wis obscrvctl w l i c ~ n  cells w r c  induced to f w t l  a I ~ ~ \ v  

c t~zy~~ ie .  Thus, in ;in cspcriincnt iri wIii(4 CPIIS iv‘crr 
a i h p l c d  to maltosc, :L 34-pi:r ccut drop iii nvt iv i ty  of 
the nuclcoprotcin phosphiitc w i s  obsorvc~tl. Az:iitl 

:izidc and dinitrophenol in  tlic above c ~ ~ ~ i c ~ ~ i i t r : i t i ~ ~ t i ~  
prcrcntcd both the forni:ition of thc triizyinc and t h t  
trzinsfer of phosph:itc from the NP  fraction. 

Tlitsc findings provide us with thc followiiig corrc- 
lations brtwccn protein or  cnzyiiie sgntlicsis ind  ilie 
trnnsfcr of phosphate from the NP fraction : (1) Rap- 
idly inctiibolizing cells which are not syntlicsii.ing new 
protein do not transfcr pliosphatc from tlic NP frac- 
tion; (2) syiithcsis of iicw protein o r  cnzyiiic is 
p:irallclcd by a markcd triinsfcr of phosph:ite from 
the NP fraction; (3) agents which a rc  effective i n  
inhibiting cnzynic formation and protein synthesis 
also prcvcnt flow of P from thc N P  fraction. To 
these must be added the fundamental observations of 
Caspcrsson and his coll:iborators on yeast, ( 2 ) ,  as \vel/ 
as many othcr cells, which point to a rigid coiineetion 
bctwccn uuclcic acid mctabolisln and protein, synlhesis. 

I n  the light of the da ta  presented here, which in- 
troduce nuclcoprotcins ns controlling clcinei~ts in 
enzyme synthcsis, it sccms highly desirable to ru- 
rr:iminc our prcvious cspcriincnts and intcrprctiitiona. 
Scvernl problcrns arc raised, nmong thcrn tlic function 
pc:rforiiiccl by tlic .nucleoprotein and, closcly related, 
thc nature of tlic relation of thc nuc1copro:ein to tlir 

gcnc, on thc one hand, and to thc enzyme \vhosc forma- 
tion i t  incdiatcs, on thc other. An obvious opportunity 
exists here for a rational linkage of these thrcc funds- 
mcntal units. 

3Iodcrn biochcniical rcscarch (7) which lins cnipha- 
sizcd the role of organic pliosphatc bonds iis sources 
nf ctncrgy for  synthctic activities provides a fountla- 
lion U ~ O I I  which may bc l~ased a rcasonal~lc hypothesis 
of nuclcoprotcin function in enzyme synthcsis. Of 
pnrticulnr value licrc is the mechanism of coiiiplcs 
polysuccharidc synthesis, the elncidatioii of ~vhich 
w! owe to the work of thc Coris ( 3 )  arid tlicir 
collaborators. It is found that in tlic synthcsis or 

D glycosidic bond, glucosc-1-phosphate rntlicr tlian 
glucosc is the reactant involved. The uniqitc feature 
h t w  is the conversion of an energy-requiring syithetic 
stcp into a spontancous reaction by siipplging the 
nccosstiry cncrgy iw the molecular stritctiire of m e  
a/ the reactuitts. 

Froin this it \\*oiild appear th:it tlic qwntitatirr 
cwcrgy rcquirciiiciit for a ~1~1rtici11:ir syntlictic rc:iction 
is not thc criicial issue. Thcrc a re  many phosphory 



b;cd eolupountls (e.:. ~ ~ i i c . o s c - t ~ - ~ ~ ~ i o s ~ ~ h ; i l ~ ~ ,  n(1ciiosiiie- 
trjpfiosphatc) which 1i:ivc uiore t h i  sitllieicwt eriergy 
tu for111 :i glyeositiie iink if titere ;ictutilly t.?ristctl soiiie 

a,ehaliism for ‘fct.tfrn~~ it into the rc:iction. 1 1 0 ~ -  
&qCr, the cnergy con tent of triose coin~)oiiiii~s ciiiiiiot 

used for this purpose. Clc:arly, a furtlier rc(1uii.y 
Gent is v;liat IH;LY be e:iilcd “specificity” of b o 4  
c a q q .  TBUS, the :ictual nature of the bOlld, and th 
Wmpotlnd earrying tlie energy, will dctcruiinc its 
,oi!nbility for driving a p:irlicular reaction. The 
energy generated by tlic ‘catubolic ~ l i w l ’  tiiitl triil>L>ed 

energy accundators  ;is adeiiosiii~triphosph~i~c 
Or creatine-phosphate is too ‘generalized’ to bc uscd in 
&iriog the various syntlictic ~ncclianisin of :iiiabolisiu. 
The energy contnined in such compounds uiusl bo 
&&erred to others which eau act as specific cncrgy 
knntors for particu1:ir syittfietic reactions. 

This concept unifies :cnd simplifies the probfeni of 
&oIogieal synthesis, since it avoids separating the 
p ~ ~ I e ~  of synthesis into one involving the renetants 
u;d another conccrucd with the source of the “coupled” 
&king energy. 
Rom this point of view It  is not surprising to 
b3 that nucleoproteins are controlling elements in 
p i e i n  formation. !Ire may further plausibly suggest 
ht tkcse phospliorus-contair~in,D proteins arc the 
qwi& energy donators which make possible reactions 
hding to protein and enzynie ~yn thes i s .~  

It would be hazardous at present to attcinpt to offer 
a EtBnitiw formulation of \\-hat wc nwnn by n ‘sclf- 
&p!imtiiig’ itnit. IIo~vever, one attribute it is 1il;cly 
k* ~ S S C S S  is the ability to tixnsforru and accuiiiufntv 
ergy within its own ~ ~ i o ~ c e u l n r  structure which c:iii 

k wad for the synthesis of similar units. At any 
a>, it is rclntively easy to sliow that the growtl1 
iurh of such ‘energy :~ccuniulators’ is of the self- 
J=pGcating or autocatalytic type. Of the known pm- 
&$ hosc containing pliosphorus would be thc most 
wy to possess this property. 
In the light of tlic &it:\ presented lierc :ind tlic above 

+Lassion it seems rc:isonable to adopt the tentatiw 
M i g  hypothcsis that the eytoplnsmic self-duplicnt- 
hs entities previoiisly found (2.1, 1G) to be involcecl 

w i n e  foruiatioN arc  nucleoproteins rnthcr th:in 
iQ t ~ i c  itself. Sue11 :in ~iypothesis WOUM be in 
+=my with the finilings tliat $11 aceeptct] seIf-dupli- 
h g  units (with but one o r  two isolated .exceptions) 
bq been found to be i i i ~ ~ ~ p a r a ~ ~ y  linked with nucleic 
gdiontaining c ~ ~ ~ i p o ~ t ~ i [ ~ s .  Anlong such enlities m y  

mtioncd genes (I,!.?), plastogenes (I!?), virusex 
f% and the pncui~ioeocc~~s ‘~ran5foriniiig prin- 
w (1). 

‘11. J. f1utIi-r 6 piwiiii:it w t i i i i i i i i i i i * : i t  i i i i i )  iiittcpw(ic-iitIy 
.*r’*J that ~ ~ u i . l i ~ i i ~ ) r ~ J t ~ ~ j i ~ ~  iriiafit provicle ~ l i r  eiicrxv for 
**i@ ~t~lthCsis in Tiis I’iiprim I.eeturr in T,oirdon. Fivrni- 
b 1% (la yrcnx). 

Froni tlic nssumption that tlic nucleoprotein rathtbr 
th:in ttic crizynic is the cyloplnsuiic sclf-tliiplic:iti~ig 
unit sevcral cxpwiiiicnt:tI coiis(!qucncc‘s follow. It 
t~ould be cspcctcti that cells ~ i o t  1Iossf’:ssiiig the ii i i t i : i t -  

iny gene for  a particii1:ir enzyymc coutti stili rct;iin 
capacity for syntliesis of such f in  enzyme, even in  the 
absence o f  this enlsyinc, providing an atlcqu:tte tiuirrbcr 
of ~iIicico~~rotein uriits wcre pt.cscnt. ~ ~ p e r i i n e t l t s  
\vil l i  iiiclibiase (IS) arc coiisistcnt with this point of 
view. 111 some of tlic ~ ~ { J ~ I C S  missing the ucl+ gene, 
irreversible loss of potentiality Lor inelibiase synthesis 
w:is not  obtained until about 20 hours subsuquent to 
tIic disappearance of a11 mensurable enzyme. Thus, 
for a considerable period of time t h e  cells retained 
the capacity for  the synthesis of this enzyme in tlie 
absence o f  any cvidcncc for its prosence in the cyto- 
p1asni. Recent experimerits ( G ) ,  suggesting that cyto- 
plrisuiic tmnsniission of tlic capacity to  form enzyme 
c:iu ctceur in the absence of tiny nicasurable enzyme 
ttctivity, would also support  tltis idea. 

In view of tlic prcstiuicd elieinicnl sinii1:irity between 
thc two, it seems alrnost iiccessnry to conclude that 
the self-duplicating niaclcoprotein wliich mediates pro- 
tciii and enzyme formation is derived from the gene. 
The value of this conclusion resides in the fact that 
it provides us with an erpcriinentally analyzahle entity 
which can bridge the gap  between the gene in the 
nucleus aiid thc cnzyine in the cytoplasm. 

IVc arc thus led to propose the fo l lonhg concept of 
gene action : Gcncs cotitiniinlly produce at diffcrent 
r;itc.s pii*ki:il reii1ic:is o f  tl~cnisclves which enter the 
cytopI:~s1ii. Thsc  replic:is itrc nuclcoprutt!iii in I I : I ~ I I ~ P  

and possess to varying tlegrces the capncity €or self- 
(~iipl~catioii. Their prcscnee in the cytoplasm eoiitrols 
the type :init ainonttts of prot.cins a i d  e1izynit.s syn- 
t1iesi;sr.d. Thcsc cyt~1Jl:isiiiie self-duplieat~ng units, 
like all such ctilitics, \votilil coniycte with wch otlicr, 
:ind the oiitcoirie of such cornpetitive interiict ion \voultl 
then dctcriiiine tlic Linzyiii::tic I I ~ W I I ~  of tlic eyto- 
plasni. Inhcrciit in this concept is tlie possibility of 
c1i:ingiiig tlic ultiinntc rrsiilt of this conipelition by 
rnrying tlic conditions under u-Iiicli i t  tnkca p1:ice. 

The unique feature of this kind of theory is that 
ivhilc supplying- a link bc.lwcn gene niicl ruzyiiie it 
:it tho S:IIIIC tiinc prccliets t1i;it cells wi th  id&iitic:i1 
p i o n i e s  ncvtd not possess idt*nticai nizyniatic consti- 
tutions. IITl~ctlier a p:irlieular eliarnctcr will bc*.trans- 
niitted froin om eel1 gencrntion to tlte nest in n Jfcn- 
itc1i:in fnsliion will, tlins, tlcpcrid on the relntive rates 
of diip1je:itinIi of tfic co~it~o~lii ig c~~toplasiiiic units :IS 
c~mpnrctl with tltcir rate of ~ ~ r o t ~ i ~ e t ~ o ~ i  from the gcne. 
If the kit tcr is qiia?it i t~~li~,i~ly determining, ~fc i~ ( l (*I ian  
inhcritance will bv obsc~i.vcv1; if the forinrr is  &:tc*riiiin- 

irig, the 3l~tiitlrli:ui picture itill be obscurcd to y;i:.yiiig 
drgrccs. As ii tentative working hypotlicsis, it 11as 
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thc mlvantagc of providing a unified point o r  view 
from which such diverse m d  nppnrcntly contr:itlictory 
pheiioirrc.na as r.lnssica1 Xeiidelian genetics, cytop1;:sinic 
inhcritancr, cellular difi’erciitialion, axid enzyni:ttic 
adaptation may be analyzed. 

The basic problciii of cancer involvcs explaining 
tfic appearance of a sudtlci~ Jtcritulilc ctiartgc iti soiliatic 
cells :tiiulogo:olis in several w:iys to cnzymc adaptiitioti 
or cellular differentiation. It is, therefore, not sur- 
prising that cancer iiivcslig;itors (11, 17, 20) \wrc 
0110 of &lie first groups of biologicnl workers to stroligly 
suppor t  the suggested existence of a cy~op~:~sinic  
hereditary unit. An entity of this kind, by being 
self-duplicati~ig, provides them with anothcr level a1 
which a mutation can take placc and be subsequently 
transmitted via the cytoplasm from one cell gcncratiori 
to the next. 

Morc or less similar views have bcen proposcd by 
geneticists Wright (21) in particular eiiiplinsizcd 
several difficultics in trying to csplaiti cithcr growth 
or differentiation in terms of the classical Mcndc1i:tn 
concept of the genc. Thus, assuinption that every 
time a new protein molecule is forinell during growth 
tho gene on the chromosome mis t  intervene as a kind 
of model implies that  growth would proeecd linearly 
from a relatively minute portion of the ccll. Thr 
kinetics of ccll growth follow an autocatalytic law 
and so are not consistent with this tlicsis. l3e there- 
fore suggcstcd that pcrhnps “dup1ie:itcs or partial 
dupliea tcs of gcucs reach t Iic cy t o plnsni wlicn tf 1 c 
nuclear m m b r a n e  disappears in nlitosis and that tl~c~sc 
can produec dup1ic:ttes in turn, and so OJI, perntitting 
exponential increase.” To explain the fact that cyto- 

~)I:tsiiiic inhcritniicc is r;~rely ~ b s w i c : d  lit: ithhtttllcs 

that tlic self-iluplie:tting cnpacily of thew f r c ~  geiiic 
rcplicas is subject to dcc:iy. Those tli:d rc-tiiiti i.Iiis 
capacity inde~i i i i te l~~ he c:illctl “i?I:isii~;ig~,ii~~~’ 

Ag:iin, iii connect inn with ocllu tar il i t Tt?rc.ntin titm 

Wright (2.2) points out th:it the h~+~i t i tb lc  stability of 
the c’liffcrcnti;itcd statc is iiiore cvrsily u i i h s l o o d  if 
we ;tssimic the existence of self-dirplic:ii ilig ejto- 
pltisniic coiiipoiwnk (plasmigeites) which C;III irridwgo 
controlled mutations. Stiinulatcd by the f‘iindauicntsl 
observatioiis of Sonlieborn (Z.?), Dnrlingtun ( 4 )  also 
postulated the exislcncc of a cytop1:ismic self-dupli- 
eating unit wliich iic called tltc L‘pIxsnxigcnc’’ slid 

which he assumed controls heredity at the “niolccular 
level.” 
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